ABSTRACT This study explored the possibility of forecasting the performance of marinade solutions in improving the water-holding capacity (WHC; weight gain, drip loss, cooking loss, and total yield) of marinated broiler breast meat based upon the electrical conductivity (EC) of the marinade solution. Normal-(50 ≤ L * ≤ 56) and light-colored samples (L * > 56), obtained from a production line, were marinated with 1 to 6% sodium bicarbonate (NaHCO 3 ), 0.5 to 3% sodium tripolyphosphate (STPP), 1 to 6% sodium chloride (NaCl), and 0.05 to 0.5% acetic acid (CH 3 COOH) solutions. EC of all solutions increased with increasing solute concentration, and high EC of any salt solution correlated with increased weight gain and decreased drip loss and cooking loss, leading to increased total yield. CH 3 COOH had the least effect on the WHC of marinated breast meat. The effect of increasing EC of marinade solutions on drip loss was similar in the lightand normal-colored samples, but light-colored samples consistently had higher cooking losses and lower total yields compared with the normal-colored samples. At the same EC, NaHCO 3 and STPP solutions had greater abilities to improve the total yield of marinated breast meat than the NaCl solution. Therefore, the WHC of the sample did not depend on the EC of the solution alone. However, increasing EC had a high correlation with gains in WHC of marinated breast meat for all marinade solutions (r > 0.96 for total yield). The total yield of both normal-and light-colored samples of broiler breast meat could be improved to a value higher than 75% when samples were marinated in salt solutions with EC ≥ 8.79 mS/cm for NaHCO 3 or ≥ 9.91 mS/cm for STPP. NaCl solutions with EC ≥70.08 and ≥44.58 mS/cm could be used to improve total yield to values higher than 75% for light-and normal-colored samples, respectively. Our results revealed that EC could be used to forecast the performance of marinade solution in improving the WHC of marinated breast meat.
INTRODUCTION
Improving the yield of marinated products is very important in the poultry industry. However, pale, soft, exudative (PSE) quality meat and meat with similar characteristics (PSE-like) have lower yields as final products. PSE-like meat is lighter in color and has a lower water-holding capacity (WHC), similar to PSE meat. Meats may become PSE-like due to high temperature in combination with a rapid pH decrease in the carcass, which affects protein denaturation leading to a decrease in the ability of the meat to retain water during cooking (Galobart and Moran, 2004) .
Marinating meat is an important technique that improves the quality and yield of the final product. Moreover, improvement in the WHC of pale breast meat (low C 2017 Poultry Science Association Inc. Received March 24, 2017. Accepted October 10, 2017. 1 Corresponding author: saowakon.w@psu.ac.th WHC) after marinating has been reported (Woelfel and Sams, 2001; Gorsuch and Alvarado, 2010) . However, the industry does not have a precise understanding of how to predict the effect of a marinade solution on the WHC of marinated meat. This is especially needed when a new marinade formulation is being developed for a new product. Apart from improving the palatability of the product, the maintenance of yield is also an important function of the marinade solution. Normally, the pH and the concentrations of marinade ingredients are kept within controlled limits during preparation without any specific knowledge of the expected effect on the WHC of the final meat product. Thereafter, the new marinade solution must be tested several times until the total yield reaches the required specification. This process of new product development causes losses of raw materials and labor, and increases costs. Therefore, a better understanding of the variables that affect the performance of marinade solutions in improving the WHC of marinated breast meat would be very useful for the industry.
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Several marinade ingredients have been used in attempts to improve the WHC of marinated meat. Phosphate, sodium chloride, sodium bicarbonate, and organic acid are the main ingredients that affect the WHC of marinated meat in the industry. Usually, each ingredient dissociates into ions in the solution and changes the protein charge, which has an effect on the WHC of marinated meat (Cheng and Sun, 2008; Petracci et al., 2013) . It is well known that the pH of a marinade solution influences the WHC of the resulting marinated meat. Several studies have reported that increasing or decreasing the pH far from the isoelectric point (pI) of meat improved the WHC (Önenç et al., 2004; Bianchi et al., 2009; Petracci et al., 2013) . Hydrogen ion concentration determines the pH value, whereas electrical conductivity (EC) is a measurement of the total ion concentration in the solution (Hershey and Sand, 1993) . The EC is an ability of the material (solution, metal, or gas) to pass an electric current (Byrne et al., 2000) , which is carried by cations and anions in the solution. A solution that contains many ions (strong electrolyte solution), will conduct electricity better than a low-ion solution (weak electrolyte solution) (Hershey and Sand, 1993; Coury, 1999) . Previous research reported that the EC of an NaCl salt solution increased with increasing salt concentration, whereas the sugar (C 12 H 22 O 11 ) concentration did not affect the EC (Badhe and Helambe, 2013) . Lee et al. (2000) reported that the EC meter can be used independently or combined with the pH meter to predict the WHC of the pork carcass. Moreover, Hershey and Sand (1993) reported that measurement of EC can be used to quickly estimate the salt (NaCl) concentration. Therefore, EC might have potential for forecasting the WHC of marinated breast meat. Moreover, the EC was measured using equipment that could provide a rapid measurement during production. However, the relationship between the EC property of a marinade solution and the WHC of marinated meat needs to be elucidated.
Therefore, this study aimed to determine the correlations between the EC of marinade solutions, the EC of marinated meat, and the WHC of light-and normalcolored broiler breast meats. The feasibility of forecasting the performance of marinade solution in improving the WHC of marinated chicken breast meat using EC was evaluated. The optimum EC of the solutions could be applied to control the preparation of the marinade solution to improve the WHC of marinated breast meat in an industrial production line.
MATERIALS AND METHODS
Breast meat samples from broiler chickens aged 40 to 44 d with live weights of approximately 2.16 to 2.56 kg were obtained from B. Foods Product International Co., Ltd. A total of 750 boneless and skinless broiler breast meat samples (160 to 190 g) was randomly collected from the production line within 8 ± 2 h postmortem from the production line before marinating. Thereafter, breast meats were divided according to their L * value into normal-(50 ≤ L * ≤ 56) and light-colored breast meats (L * > 56) (Petracci et al., 2004) . Groups of samples were marinated in solutions of 1 to 6% sodium bicarbonate (NaHCO 3 ), 0.5 to 3% sodium tripolyphosphate (STPP), 1 to 6% sodium chloride (NaCl), or 0.05 to 0.5% acetic acid (CH 3 COOH). The ranges of the ingredients used for preparing marinade solutions were prepared in accordance with the general commercial formulation (Barbut et al., 2005; Komoltri and Pakdeechanuan, 2012; Petracci et al., 2012; Petracci et al., 2013) . The maximum level of phosphate in the final cooked product was lower than 1,320 mg/kg in compliance with the standard in the Codex (Codex Alimentarius Commission, 2016). Each breast meat sample was marinated in a volume of marinade solution equal (in mL) to 20% of the sample weight (in grams) in a tightly sealed plastic bag (nylon/LLDPE) and tumbled for one h at 4 ± 3
• C using a tumbler (Suhner AG, VT50, Aargau, Switzerland). The speed of the tumbler was at 10 rpm. Then, the EC, pH, weight gain, drip loss, cooking loss, and total yield of the marinated chicken breast meat samples were determined. Moreover, the EC and pH of the marinade solutions were measured.
Color Value
The whole piece of breast meat was evaluated for color at the cranial end of the breast meat (bone side surface) using a Hunterlab colorimeter (ColorFlex, Reston, Virginia) with 31.8 mm (1.25 inch) port size, 25.4 mm aperture size (measurement area 20 mm diameter), illuminant D65, and 10
• observers. The color of the breast meat was reported according to the CIE color system, including L * (lightness), a * (greenness and redness), and b * (blueness and yellowness) values.
Electrical Conductivity
The EC of marinade solutions at 25 • C was analyzed using a Model ECTestr11 meter (EUTECH, Ayer Rajah, Singapore). The marinated meat was blended, and the EC was directly measured at the temperature of the sample, 7 ± 1
• C.
pH Value
The pH value of the marinade solution at 25 • C was analyzed using a 798 MPT Titrino pH meter (Metrohm Ltd., CH-9101 Herisau, Switzerland). The blended marinated meat 7 ± 1
• C was homogenized at a ratio of meat to distilled water of 1:5 before measurement of the pH value.
Ionic Strength Calculation
The ionic strength of a solution was calculated by the equation below (Solomon, 2001) .
Where: c i is the molar concentration of each ion (mol L −1 or mol dm −3 ), and z i is the number of charges on the ion.
Weight Gain
Whole chicken breast meat samples were weighed before and after marinating. The percentage of weight gain of marinated breast meat was calculated by the equation below (Yusop et al., 2010) . 
Drip Loss
Whole marinated chicken breast meat samples were weighed before and after storage at 4
• C for 24 h in Ziploc polyethylene plastic bags. The percentage of drip loss was calculated by the equation below (Honikel, 1998) . 
Cooking Loss and Total Yield
A whole piece of breast meat was weighed and marinated in the marinade solution for one hour. Marinated breast meat was weighed before being subjected to steam at 90
• C for 18 min until the core temperature of the sample reached 75
• C. Thereafter, the sample was weighed and the percentage of cooking loss and total yield were calculated according to the equations below (Yusop et al., 2010) . 
Statistical Analysis
A completely randomized design (CRD) was applied to the EC and pH of marinade solutions. The CRD was applied to determine the effect of marinade concentration on the pH, EC, weight gain, drip loss, cooking loss, and total yield of the marinated breast meat. Pairwise t tests were performed for evaluating the differences in EC of marinated light-and normal-colored breast meat samples. Significant differences among the results of different treatments' means were analyzed by Duncan's multiple range tests using the SPSS computer program (SPSS program, SPSS Inc., Chicago, IL). The coefficient of determination (r 2 ) between the concentration of the solution, EC of the marinated meat, and EC of the solution was determined by the linear regression model. Furthermore, Pearson correlation coefficients (r) between the EC of solution, EC of marinated meat, and WHC of light-and normal-colored breast meat samples were generated by using the Pearson's Correlation Coefficient option of the SPSS computer program.
RESULTS AND DISCUSSION

Electrical Conductivity of Marinade Solutions and Marinated Breast Meats
The EC of marinade solutions prepared from 1 to 6% NaHCO 3 , 0.5 to 3% STPP, 1 to 6% NaCl, and 0.05 to 0.5% CH 3 COOH are shown in Figure 1 . The EC values of all marinade solutions increased with increasing solute concentration (P < 0.05). The EC showed a high correlation with the concentration of all marinade solutions (r 2 > 0.93). Notably, the r 2 values for the correlation of EC with NaCl and NaHCO 3 concentrations were higher than 0.99. Therefore, the EC could be predicted by the concentration of marinade solution. The results were in agreement with Hershey and Sand (1993) , who found that the EC of NaCl solutions increased with increasing concentration. The pH of NaHCO 3 , STPP, NaCl, and CH 3 COOH solutions were in the range of 8.44 to 8.61, 9.42 to 9.58, 6.17 to 6.29, and 3.05 to 3.51, respectively. The pH values did not change with the concentration of any of the salts, whereas the pH of the acetic acid solution slightly decreased as the concentration increased.
The NaCl solution generated the highest EC, followed by NaHCO 3 and STPP solutions, when evaluated at equal concentrations. Generally, NaCl and NaHCO 3 completely dissociate into ions (Lindsay, 2008) , therefore NaCl and NaHCO 3 solutions contained many ions (strong electrolyte solutions), which could conduct electricity better than a low-ion solution (weak electrolyte solution) (Hershey and Sand, 1993; Coury, 1999) . In contrast, CH 3 COOH is a weak acid that incompletely dissociates into ions in aqueous solution (Reger et al., 1997; Coury, 1999) . Although NaCl completely dissociates, similar to NaHCO 3 , the NaCl solutions showed higher EC values than those of the NaHCO 3 solutions, as reflected in the higher slope of the NaCl plot in Figure 1.
Our results revealed NaCl solutions had more ability to pass electric current than NaHCO 3 solutions at the same concentrations. NaCl has a lower molecular weight than NaHCO 3 , causing solution percentages based upon mass to contain a higher number of NaCl salt than NaHCO 3 salt. The higher number of NaCl molecules provides more ionic strength in the solution (Table 1) , leading to a higher EC. The high mobilities of the small chloride ion (Cl − ) and sodium ion (Na + ) also enhance the ability of NaCl solutions to conduct electric current. Moreover, the higher EC of NaCl solutions also was influenced by the higher equivalent conductance of Cl − compared with bicarbonate ion (HCO 3 − ) (Reger et al., 1997; Coury, 1999) .
The same phenomenon could apply to STPP (Na 5 P 3 O 10 ). Although a lower number of STPP salts is present at equivalent total masses, due to its high molecular weight, the STPP solution had the highest ionic strength when compared to those of NaCl and NaHCO 3 solutions at the same concentration (Table 1) . However, the slow movement of the large STPP salt caused STPP solutions to have lower EC values, compared to those of NaCl and NaHCO 3 solutions at the same concentration.
The EC of breast meat marinated with any of the salt solutions was significantly increased in correlation with increasing EC of the solution, whereas no significant differences in EC of the CH 3 COOH-marinated breast meat marinated in different concentrations of CH 3 COOH were noticed (Table 1 ). In the present study, all salts prepared for marinade solutions could dissociate into ions, leading to an increase in the EC of marinated breast meat. The concentration of CH 3 COOH solutions ranging from 0.05 to 0.5% provided low EC of CH 3 COOH solutions (0.15 to 0.47 mS/cm); therefore, EC of CH 3 COOH-marinated breast meat was not affected by the CH 3 COOH solutions in the present study.
Comparing solutions at the same concentrations, NaCl-marinated breast meat showed higher EC values than those of NaHCO 3 -marinated and STPP-marinated breast meats, correlating with the EC of the solution. The smaller size and the higher number of NaCl ions allowed this salt to easily penetrate into the meat muscle, which affected the EC of the meat greater than those of NaHCO 3 and STPP at the same concentration. At the same EC of solution (approximately 16 mS/cm), STPP solution had a higher power to increase the EC of marinated breast meat than did NaCl and NaHCO 3 solutions, probably due to the ionic strength of the STPP solution being the highest, as shown in Table 1 . Moreover, the EC of meat also was increased by raising the negative charge of the meat proteins, which is influenced by the alkaline pH of the STPP solution (Petracci et al., 2013) . Furthermore, a high correlation between the EC of the marinade solution and the EC of light-colored (L) and normal-colored (N) marinated breast meats was observed for NaCl (L; r 2 = 0.97 and N; r 2 = 0.88), NaHCO 3 (L; r 2 = 0.90 and N; r 2 = 0.93), and STPP solutions (L; r 2 = 0.83 and N; r 2 = 0.83), whereas the EC of CH 3 COOH solutions showed a low correlation with the EC of marinated breast meat (L; r 2 = 0.40 and N; r 2 = 0.10). CH 3 COOH is a weak acid, which incompletely dissociates into ions in aqueous solutions (Coury, 1999) and could not be used with too high of a concentration because of the impact on the taste of the marinated product. Therefore, the CH 3 COOH solution in this study had less effect on the EC of marinated breast meat.
Normal-colored breast meat had higher EC values than those of light-colored breast meat (P < 0.05). This is probably due to the lower pH of the light-colored breast meat (pH = 5.62 ± 0.03) nearly to the pI of meat protein compared with the normal-colored breast meat (pH = 5.88 ± 0.04). As the pH of meat decreases nearly to the pI, the net charge of meat protein reaches zero, leading to lower EC of the meat. Electrostatic repulsion between proteins is lost and protein-protein interaction increases (Huff-Lonergan and Lonergan, 2005) . Suwattitanun and Wattanachant, (2014) found that the chicken breast meat with a high level of protein denaturation, related to low protein solubility, had a 44.58 ± 0.09 1 NaHCO 3 = sodium bicarbonate; STPP = sodium tripolyphosphate; NaCl = sodium chloride; CH 3 COOH = acetic acid; 0% = distilled water. a-g Means ± SE, different letters within the same column and marinade ingredient section indicate a significant difference (P < 0.05). * Significant difference between the means of light-and normal-colored samples (P < 0.05), ns = non-significantly different.
lower zeta potential (−3.20 mV) than that of chicken breast meat with a lower degree of protein denaturation (−7.05 mV). Chicken breast meat with low denaturation of protein exhibited higher negative charge, and this might be related to the high EC of normalcolored breast meat. Moreover, the cellular structures within the meat tissue of normal-colored breast meat were not damaged, which would have caused the water inside to contain many ions of minerals or other components (Figura and Teixeira, 2007) . These ions could conduct electric current and generate higher EC values in normal-colored samples. The pH of the breast meat marinated with NaHCO 3 , STPP, NaCl, and CH 3 COOH solutions was in the range of 6.04 to 7.52, 5.53 to 6.07, 5.62 to 6.13, and 5.62 to 5.77, respectively. The pH of marinated normal-colored breast meat was slightly higher than that of light-colored breast meat. However, no significant differences in EC (P ≥ 0.05) were observed between light-and normal-colored samples marinated with various solutions. The results from this part of the study confirmed that the different ingredients and concentrations caused differences in the EC of marinade solutions and marinated breast meat, and we proceeded to study their influence on the WHC of marinated chicken breast meat.
Electrical Conductivity of Marinade Solutions and Water-holding Capacity of Marinated Breast Meats
The WHC of breast meat samples in this study was considered using the technical terms of weight gain, drip loss, cooking loss, and total yield (Figures 2-5 ). Breast meat samples had significantly higher weight gain when marinated with NaHCO 3 and when the EC of the solution was higher than 5 mS/cm and 8.79 mS/cm for light-and normal-colored breast meats, respectively. NaCl solutions significantly increased the weight gain of samples when the EC was much higher and proved to be more effective in normal-colored breast meat. The drip loss of marinated breast meat was significantly decreased (P < 0.05) as the EC of NaCl and NaHCO 3 solutions increased. In contrast, increasing EC of STPP solutions had no significant effect on the weight gain or drip loss of light-and normal-colored breast meats. The cooking loss of marinated light-and normal-colored breasts was significantly reduced when the EC of any of the salt solutions was increased. Due to the decreases in drip losses and cooking losses with all salt solutions, the total yields of marinated breast meats was significantly increased (P < 0.05). The NaCl and NaHCO 3 solutions had a greater effect on the total yield of normal-colored samples than on that of the lightcolored samples. No significant differences in the EC values of CH 3 COOH-marinated breasts were observed. Therefore, the CH 3 COOH solution also had less effect on WHC. Marinating in CH 3 COOH solution caused decrease in weight gain, no significant differences in drip loss, a slight decrease in cooking loss, and a slight increase in total yield (data not shown).
At the same EC value of salt marinade solutions (EC in the range of 0 to 16 mS/cm), the NaHCO 3 solution had a greater ability to improve the weight gain of marinated breast meat in comparison with those of STPP and NaCl solutions. However, the NaHCO 3 -marinated breast meat had a higher drip loss than those of STPPand NaCl-marinated breast meat when the EC of the marinade solution was in the range of 0 to 16 mS/cm. The drip loss of NaHCO 3 -marinated breast meat was easily observed to be decreased and was shown to be lower than that of NaCl-marinated breast meat when the EC of the solution was greater than 22.80 mS/cm. The results indicated that although NaHCO 3 solutions with EC values lower than 22.80 mS/cm had high abilities to increase the penetrated water into marinated meat muscle, the gained water was easily lost from the meat muscle during refrigerated storage. NaHCO 3 and STPP solutions with the same EC had greater abilities to decrease cooking loss, leading to increased total yield, compared to those of NaCl solutions. The mechanism in improving WHC of meat by NaCl solutions might be the increase in the solubilization of protein in the meat without the effect of pH (Petracci et al., 2013) . Therefore, NaCl solutions had a lower power to improve the WHC of marinated meat than those of NaHCO 3 and STPP solutions. Both NaHCO 3 and STPP solutions are alkaline and can increase the negative charge of protein by raising the pH away from the pI of the meat proteins (Xiong, 2012) . However, the NaHCO 3 solution had a greater ability to improve the WHC than that of the STPP solution. The smaller size of HCO 3 − ions, compared to (P 3 O 10 ) 5− ions, might make it easier for them to penetrate into meat muscle and interact with many protein side chains, leading to larger increases in the repulsive force among meat proteins. Moreover, NaHCO 3 solution had a superior capacity to improve the pH of meat compared to that of the STPP solution, probably due to the higher buffering capacity of NaHCO 3 , as reported by Sen et al. (2005) . Apart from the change in protein charge, NaHCO 3 also produced carbon dioxide during cooking, which could improve the ability of the meat to hold water by physical entrapment of water (Mudalal et al., 2014) .
After marinating with any of the solutions, lightand normal-colored breast meats showed similar trends in drip loss, whereas light-colored breast meat had a The results indicated that the improvement in WHC of marinated breast meat was affected by the increasing EC of the solution and marinated breast meat. Thus, the correlation between EC of the solution, EC of marinated breast meat, and WHC of marinated breast meat was further confirmed.
Correlation Between The Electrical Conductivity of Marinade Solution, Marinated Breast Meat, And The Water-Holding Capacity of Marinated Chicken Breast Meats
The correlation between the EC of the solution, the EC of marinated meat, and the WHC of lightand normal-colored breast meats are presented in Table 2 . The gains in weight of both light-and normalcolored marinated breast meats had high positive correlations with the EC of NaHCO 3 solutions (r = 0.93 and 0.98, respectively). The drip loss of marinated lightcolored breast meat correlated well with the EC of NaCl, NaHCO 3 , and STPP solutions. Moreover, the drip loss of normal-colored breast meat had a high correlation only with the EC of the NaCl and NaHCO 3 solutions. The EC of all salt solutions had a negative correlation with cooking loss (r > −0.91) and a positive correlation with total yield (r > 0.96). The correlation between the EC of a solution and the WHC of breast meat marinated in that solution were higher than that between the EC of marinated meat and its WHC. The EC of breast meats marinated with NaCl and NaHCO 3 solutions exhibited higher correlations with WHC compared with the STPP solution.
The WHC of breast meat marinated in salt solutions, especially NaCl and NaHCO 3 , might be predictable by measuring the EC of the meat. This was revealed by the rather high correlations obtained (r = 0.87 to 0.94 for cooking loss, r = 0.89 to 0.96 for total yield) as compared to those found by other research studies that used nuclear magnetic resonance (NMR) (r = 0.85) or hyperspectral-imaging (r = 0.77) (Bertram et al., 2002; Qiao et al., 2007) . The results obtained in the present study indicated that EC has a high potential for predicting the performance of a marinade solution in improving the WHC of marinated breast meat. The determination of EC could be applied to the controlled preparation of the marinade solution to ensure that its properties are within the ranges that will yield the highest quality of marinated breast meat, in particular the WHC. Importantly, the EC meter is inexpensive and easy to apply in an industrial production line.
In conclusion, the EC of every solution studied had a very high correlation with its concentration. The WHC of marinated breast meat tended to increase with increasing EC of the marinade solutions. Moreover, the EC of the marinade solutions had high correlations with WHC of marinated breast meat samples, which was affected by lower cooking loss and higher total yield. The EC of marinade solutions prepared using salt, concentration, and conditions similar to those in the present study could be applied for forecasting the performance of a marinade solution in improving WHC of marinated breast meat in the industry. However, the various salt and acidic ingredients differed in their properties and produced different EC in their respective marinade solutions. In the industry, the marinade solutions are prepared using several ingredients. Therefore, all marinade solutions in the industry should be calibrated using the EC value as an easily measured characteristic that can be adjusted to optimize the WHC of marinated breast meat so that it meets the industrial specification for each product. The potential of EC for forecasting the performance of a mixed marinade solution in improving the WHC of marinated meat should be further studied to examine additional kinds of marinade ingredients used in the chicken industry.
